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ABSTRACT: A middle-chain cleavable telechelic poly-
(oligoethylene glycol) methyl ether acrylate) (MCCT-
POEGA-Br) was synthesized by single-electron transfer living
radical polymerization (SET-LRP) initiated from an acetal-
containing hydrophobic sequence-defined difunctional initia-
tor. In aqueous medium, above a certain concentration, this
hydrophilic homopolymer self-assembled into nanogel-like
large micelles that exhibit an encapsulating capacity for both
hydrophobic and hydrophilic cargo. The sequence-defined
cleavage pattern encoded in the initiator residue allowed
precise middle-chain cleavage, leading to quantitative
disassembly of the corresponding nanoobjects. Dye release
studies performed in an acidic environment demonstrated the potential of this new design concept in the preparation of pH-
responsive nanocarriers. In addition, fluorescently tagged nanoassemblies could also be obtained via the thio-bromo “click”
modification of MCCT-POEGA-Br prior to self-assembly. This strategy may provide facile access to a diversity of multistimuli-
responsive nanocarriers based on commercially available hydrophilic monomers and sequence-defined difunctional initiators
synthesized by this simple design strategy.

Supramolecular nanoscale systems based on amphiphilic
block copolymers orchestrate important applications for

nanofabrication, catalysis, and biomedicine.1,2 An essential
advantage of some of these advanced materials is the possibility
to precisely control their disassembly processes in a
spatiotemporal fashion. To this end, stimuli-responsive
polymeric supramolecular assemblies integrating “sense and
act” degradation, by a rational cleavage function, have aroused
great interest.3−6 In general, these nanoassemblies can be
designed based on a myriad of functional groups able to sense
external stimuli, including pH,7 light,8 enzymes,9 and gases,10

and to immediately undergo dramatic chemical structural
changes. This feature allows controlled supramolecular
disassembly, which is suitable to release encapsulated payloads
for target delivery. Among the many activating signals
exploited, pH triggers have a particular biological relevance
because there are a wide range of pH gradients that exist in
both biological and physiological systems.11,12 In this context,
cleavable polymers based on acetal linkages have attracted
significant attention.13−15

Mimicking advanced and complex amphiphilic block
copolymers, both neutral and zwitterionic amphiphilic

homopolymers are also capable to self-assemble into well-
defined nanostructures (e.g., nano/micro-particles,16 hollow
spheres,17 and vesicles,18), making them promising materials
for applications in drug delivery and nanotechnology.19,20 In
general, this special class of amphiphiles are prepared directly
by living radical polymerization (LRP) of amphiphilic
monomer21−25 or via postpolymerization modification of a
precursor polymer with selected hydrophilic and hydrophobic
functionalities.26−28 Surprisingly, the formation of high-order
nanostructures can also be driven by the presence of one29−33

or two34−36 residual initiator hydrophobic end-groups in
hydrophilic homopolymers prepared by LRP. Despite the fact
that the latter approach is potentially simpler and more cost-
effective because the use of commercially available hydrophilic
monomers is common, research regarding the development of
stimuli-responsive amphiphilic homopolymers so far remain
somewhat limited to homopolymer-based synthetic monomers
encoded with amphiphilic properties.23,24,28 Thus, the
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preparation of efficient and more accessible smart homopol-
ymer responsive assemblies remains still a challenge. In this
context, we envisaged that the LRP of hydrophilic monomers
initiated from hydrophobic cleavable difunctional initiators can
provide a facile access to stimuli-responsive micelle-like
assemblies via midchain initiator residue-driven micellar
assembly and subsequent disassembly via midchain initiator
residue-cleavage (Scheme 1). This idea was inspired by the
previously reported observations that hydrophilic oligo-
(ethylene oxide) methyl ether-derived monomers and initiators
self-assemble in water into micellar aggregate structures37 and
the unusual self-assembly behavior of hydrophilic polymers
containing both bulky and tiny hydrophobic residual initiator
end groups.34,29−31,35,32,36

For proof of concept, this work focused on a telechelic
homopolymer prepared by single-electron transfer living
radical polymerization (SET-LRP)38−42 from the hydrophobic
α-haloester-type double acetal sequence-defined difunctional
initiator (DADI)43 and oligo(ethylene glycol) methyl ether
acrylate (OEGA, Mn = 480 g mol−1) as hydrophilic monomer
(see inset in Scheme 1). The originality of the DADI relies
mainly on the combination of hydrophobicity, flexibility, and
precise cleavage pattern due to the presence of two acidic pH-
sensitive midchain acetal linkages organized in a sequence-
defined arrangement. To our knowledge, this is the first
example of stimuli-responsive associative telechelic homopol-
ymer encoded with cleavable middle-chain groups organized
by the sequence-defined structure of the initiator. Detailed
synthetic procedures regarding the synthesis of DADI and its
use to initiate SET-LRP have been reported in a recent
publication.43 The homopolymers resulted from the SET-LRP

of OEGA initiated with DADI may resemble an ABA triblock
copolymer with a short central hydrophobic segment.
However, it is incorrect to consider these homopolymers as
ABA triblock copolymers since the DADI initiator is a
monodisperse sequence-defined hydrophobic initiator contain-
ing two very precisely incorporated acid-cleavable groups.44−46

This sequence was never incorporated previously in
homopolymers and demonstrated to behave as a block
copolymer although it is a homopolymer and it would not
even be of interest to be transformed into broad molecular
weight distribution homopolymers generated by a step
condensation polymerization process. Therefore, while exam-
ples of related structures based on ABA triblock copolymers
are available in the literature,1,2 the experiment reported here is
unprecedented.
Kinetic studies previously demonstrated that Cu(0)-

catalyzed SET-LRP of methyl acrylate (MA) from DADI and
other related cleavable difunctional initiators is living in both
homogeneous and “programmed” biphasic reaction mixtures.42

A detailed GPC and MALDI-TOF analysis was used to prove
that the use of DADI enables the discrete insertion of two
labile midchain acetal groups into poly(MA) (PMA), thus,
allowing a subsequent reduction of the molar mass of the
corresponding polymer by half via acid-catalyzed acetal
hydrolysis under mild conditions (Figure S1). Based on
these encouraging results, telechelic poly(OEGA) (MCCT-
POEGA-Br) was synthesized from DADI at a targeted degree
of polymerization (DP) of 20 by SET-LRP at 25 °C using
Cu(0) wire, tris[2-(dimethylamino)ethyl]amine (Me6-TREN),
and DMSO as catalyst, ligand, and disproportionating solvent,
respectively (Scheme 1). As expected, polymerization was fast

Scheme 1. General Concept Design for the Synthesis, Sequence-Defined Initiator Residue-Driven Micellar Assembly, and
Disassembly of a Middle-Chain Cleavage Telechelic Homopolymers Prepared by LRP of Hydrophilic Monomers Initiated
from Hydrophobic and Cleavable Difunctional Initiatorsa

aColor code: blue as hydrophilic and water-soluble, green as hydrophobic and water insoluble, and red as labile linkage.
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and reached almost quantitative monomer conversion (>94%)
after 30 min. 1H NMR analysis of purified MCCT-POEGA-Br
confirmed the incorporation of the DADI-derived sequence-
defined initiator residue at the midpoint of the telechelic
polymer (Figure 1, middle spectrum). The bromine chain-end

fidelity of the synthesized polymer could only be determined
indirectly, after the thio-bromo “click” thioetherification
derivatization reaction with thiophenol leading to MCCT-
POEGA-SPh, due the overlapping of end-group signals with
those of the polymeric chain (Figure 1, lower spectrum).47,48

The high degree of functionality ( f > 95% at 96%
conversion) is consistent with previous reports from our and
other laboratories49−51 and undoubtedly offers appealing
reactive centers for potential applications (vide infra). GPC
analysis in THF indicated that MCCT-POEGA-Br is well-
defined (Mn

GPC = 9400, Mw/Mn = 1.21), although it revealed
the presence of a small shoulder peak at a relatively high
molecular weight region,52,53 which may be indicative of a very
small extent of bimolecular termination occurring at near
complete conversion (Figure S2a).37

To test our design hypothesis, we analyzed the self-assembly
and aggregation of MCCT-POEGA-Br in aqueous solution via

direct dissolution. Due to the small hydrophobic fraction as
low as 3 wt % in this hydrophilic polymer, it was not surprising
that a transparent solution to visible light was obtained when
water was added to MCCT-POEGA-Br at concentration of 1
mg·mL−1 (Figure 2a). However, we were gratified to observe
that MCCT-POEGA-Br solutions showed increasing turbidity
when the concentration exceeded 5 mg·mL−1, presumably due
to self-association of the telechelic polymer to form larger
aggregates in water. We hypothesize that the folded chain
structure of the obtained telechelic polymer might be the
dominant conformation in MCCT-POEGA-Br nanoassemblies
(see Scheme 1). As a control, the behavior of an analogous
homopolymer BPE-POEGA-Br, also prepared by SET-LRP
from conventional bis(2-bromopropionyl)ethane (BPE) di-
functional initiator under strictly identical reaction conditions,
was compared to the above results. The chemical structure and
GPC analysis of this homopolymer are shown in Figures S3
and S2b, respectively. The fact that an aqueous solution of
BPE-POEGA-Br at high concentration (20 mg mL−1)
appeared clear as pure water pointed out the special self-
assembling abilities of the DADI-derived homopolymer
(Figure 2a). To confirm the above empirical observations
and gain further insight into the key role of DADI-derived
hydrophobic and sequence-defined initiator residue in
promoting self-assembly, we performed concentration-depend-
ent dynamic light scattering (DLS), transmission electron
microscopy (TEM), and 1H NMR (in D2O) measurements.
The first series of DLS measurements was performed in
methanol in order to evaluate the average hydrodynamic
diameter (Dh) of both polymers in a random coil
conformation. The analysis at various concentrations revealed
the presence of BPE-POEGA-Br and MCCT-POEGA-Br
unimers (Dh ∼ 3−5 nm; Figure S4). According to the
above-discussed digital images, DLS analysis of the control
homopolymer showed the same pattern after switching
methanol by pure water, thus, suggesting a random coil
conformation in both solvents (Figure S5). Accordingly, the
1H NMR spectra of BPE-POEGA-Br measured in CDCl3 and
D2O did not show significant differences in terms of intensity
(Figure S6). However, MCCT-POEGA-Br self-organized in
pure water at concentration of 1 mg·mL−1 into nearly
monodisperse aggregates with Dh of approximately 100 nm
and polydispersity (PDI) of 0.195 (Figure 2b). Importantly,
the order of magnitude obtained for this hydrophilic
homopolymer in aqueous solution does not correspond to
simple polymeric micellar assemblies with common core−shell
morphology.54,55 High-resolution TEM visualization confirmed
the presence spherical shape nanoassemblies with much
smaller particle sizes than that measured by DLS (Figure
2c,d). Polymer nanostructures prepared at higher concen-
tration were also well-defined, although aggregate size
increased steadily with increase of polymer concentration
(Figure 2b). However, in all cases, the particle size distribution
averaged by intensity, volume, and number was monomodal
and consistent (see Figure S7 as a representative example). In
light of these results, the MCCT-POEGA-Br assemblies are
thought to be nanogel-like large compound micelles (LCMs;
see schematic representation in Figure 2e).54−56 For these
LCMs, attractive interactions favor the interaction and
overlapping of poly(OEGA) chains and drives the aggregation
of simple sphere-like micelles.57 Consequently, the core of the
LCMs self-assembled from MCCT-POEGA-Br contains many
hydrophobic domains interconnected by hydrophilic islands

Figure 1. 1H NMR spectra of middle-chain cleavable telechelic
MCCT-POEGA-Br before (green trace) and after the thio-bromo
“click” thioetherification of both end-groups with thiophenol
(MCCT-POEGA-SPh, purple trace) and 3-mercaptocoumarin
(MCCT-POEGA-SCm, orange trace) in the presence of TEA in
MeCN. 1H NMR resonances from residual nondeuterated solvents
are indicated with *.
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based on loose poly(OEGA) chains. In this line, the 1H NMR
signals of poly(OEGA) chains appeared much more attenuated
when the spectrum was recorded in D2O than in CDCl3 (at the
same concentration; Figure S8). Indeed, due to deep
penetration of water into these particles, such morphologies
showed an important difference in particle size as measured
from TEM than DLS.
Obviously, such interchain interactions are highly concen-

tration dependent. Hence, when concentration of MCCT-
POEGA-Br was decreased to 0.5 mg·mL−1, DLS analysis
revealed the transition from LCMs to common polymer
micelles (Dh ∼ 30 nm) coexisting with pure unimers (Dh ∼ 4
nm; Figure 2b). DLS analysis at 0.1 mg·mL−1 showing a higher
presence of unimers suggests that there must be a
concentration where the hydrophilic telechelic homopolymer
is water-soluble. Overall, these results point out that the
presence of a hydrophobic and flexible SET-LRP initiator
midchain residue is a fundamental requirement to formulate
such nanoassemblies prepared from only one monomer and a
difunctional initiator.
Next, we were interested in the loading capabilities and pH-

responsiveness of MCCT-POEGA-Br LCMs for potential
applications as nanocarriers. Nile red (NR) was used as a
model payload to investigate the encapsulating capacity of the
hydrophobic domains within the LCMs core (Figure 3a). As

such, NR is poorly soluble in water as can be discerned from its
emission spectrum in such solvent (Figure 3b, dashed red
line). However, in the presence of MCCT-POEGA-Br (1 mg
mL−1), it became soluble, and the corresponding solution
showed a characteristic emission peak at 625 nm (red line).
The NR loading content in the LCMs was determined to be
around 6.1% by UV spectroscopy using a standard curve. This
result confirms that the reported LCMs are able to sequester
NR in water. The sensibility of NR emission to the polarity of
the microenvironment was then used to determine the critical
aggregation concentration (CAC) of the LCMs (Figure 3c).
While a negligible change in fluorescence intensity was
detected at low concentrations of MCCT-POEGA-Br indicat-
ing that few nanoassemblies are present, a dramatic increase
was noticed at higher concentrations of amphiphilic homopol-
ymer. This suggests that NR is located in the hydrophobic
pockets of LCMs assemblies. Thus, the relationship between
fluorescence intensity and logarithm of polymer concentration
is nonlinear, and the onset point corresponds to the CAC. The
low CAC value (0.72 mg L−1) indicates good stability of these
nanoobjects in future applications. Inspired by previous
reports,56 we also investigated the ability of LCM aggregates
to encapsulate hydrophilic guest molecules inside the hydro-
philic domains of such nanoassemblies (Figure 3a). Calcein is
a hydrophilic fluorescent dye that shows a clear peak in the

Figure 2. (a) Digital images of water, aqueous solutions of MCCT-POEGA-Br nanoassemblies at various concentrations and BPE-POEGA-Br at 20
mg·mL−1. (b) DLS measurements and data of MCCT-POEGA-Br nanoassemblies in aqueous solution. (c, d) Representative TEM images with
negative staining using phosphotungstic acid and a discrete nonstained nanoassembly showing aggregated morphology and (e) proposed schematic
representation of LCMs self-assembled from MCCT-POEGA-Br at 1 mg·mL−1.
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Figure 3. (a) Schematic representation of self-assembly of MCCT-POEGA-Br with calcein and NR encapsulation. (b) Emission spectrum of NR
and calcein in water and aqueous solution of MCCT-POEGA-Br. (c) Fluorescence intensity of NR at 625 nm (λexc = 550 nm) vs MCCT-POEGA-
Br concentration (mg·mL−1).

Figure 4. (a) Transmitted laser light intensity evolution vs time for the acidic disassembly of MCCT-POEGA-Br LCMs (20 mg·mL) at pH 5.0. (b)
DLS measurements obtained during the acidic disassembly of MCCT-POEGA-Br LCMs (1 mg·mL) at pH 5.0. (c) Calcein and NR release profile
from MCCT-POEGA-Br nanoassemblies in aqueous solution at pH 7.4 (close symbols) and 5.0 (open symbols). (d) Digital images captured
during the NR release experiment showing the release of the hydrophobic dye in water.
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emission spectrum measured in water (λmax = 507 nm; Figure
3b, dashed yellow line). When the same amount of water-
soluble dye was treated with an aqueous solution of MCCT-
POEGA-Br (1 mg·mL−1), the resulting dialyzed solution also
showed the characteristic emission peak of calcein (yellow
line). However, due to the self-quenching properties of this
dye, the spectrum of LCM-encapsulated calcein showed much
reduced intensity than when the same amount of dye is
homogeneously distributed in an aqueous solution.58

In this case, the calcein loading content was determined to
be slightly lower (5.5%). These results clearly reflect that
LCMs self-assembled from MCCT-POEGA-Br can encapsu-
late both hydrophobic and hydrophilic compounds, thus, being
an important advantage when compared with spherical
micelles.
In analogy to our recent study,43 GPC analysis demonstrated

that the symmetric architecture and double acetal functionality
at the middle-point of MCCT-POEGA-Br allow clear-cut
cleavage under acidic conditions to yield two shorter polymeric
products (Figure S9). Thus, after demonstrating the reservoir
capabilities of the synthesized nanoassemblies, we envisioned a
significant change in the amphiphilic character of the
constituent telechelic homopolymer in water after middle-
chain cleavage. First, we validated this hypothesis via turbidity
measurements (Figure 4a). When a turbid aqueous solution of
MCCT-POEGA-Br (20 mg·mL−1) was adjusted at pH 5.0, the
transmitted laser light progressively increased due to the
disruption of nanoassemblies via midchain acid-catalyzed
hydrolysis of the parent MCCT-POEGA-Br telechelic
polymer. The disassembly process was then also monitored
by DLS. As can be seen in Figure 4b, after adjusting the pH

value of the solution to 5.0 and increase the incubation time,
micellar aggregates were dramatically damaged as reflected by
considerable changes of the average Dh. First, MCCT-POEGA-
Br assemblies became larger due to degradation-promoted
swelling but later declined to Dh = 6 nm after 6.5 h, thus,
providing evidence for the proposed disassembly of LCMS into
single random coil polymer chains (Scheme 1). Overall, these
results support that the folded chain structure of the telechelic
polymer is the dominant conformation in LCM nano-
assemblies. This important result confirms that MCCT-
POEGA-Br assemblies might respond to acidic pH values
found in tumor environments or specific intracellular
organelles (e.g., endosomes/lysosomes) upon uptake in
targeted cells. Next, we examined their potential as responsive
nanocarriers for both hydrophobic and hydrophilic guest
molecules. NR and calcein were independently loaded into the
LCMs, and the pH-triggered release was evaluated at pH 5.0
(Figure 4c). Control experiments (pH 7.4) confirmed that
LCM assemblies can preserve the architecture at physiological
pH as the fluorescence intensity of both fluorescent dyes
remained constant (open symbols). However, upon exposure
of the NR-loaded LCMs to acidic pH, a progressive decrease of
the pink color of the solution was observed (Figure 4d).
Accordingly, fluorescence spectroscopy measurements revealed
also a decrease of the fluorescence intensity at 617 nm (Figure
S10). This can be reasonably attributed to the release of NR
into water due to the disassembly of LCMs via middle-chain
cleavage of MCCT-POEGA-Br homopolymer. Approximately
50% of the loaded NR was released in the first 60 min, whereas
then this value sharply rose above 90% after approximately 7 h
(Figure 4c).

Figure 5. (a) Thio-bromo “click” thioetherification at both polymer end groups of MCCT-POEGA-Br with Cm-SH and subsequent initiator
residue-driven micellar assembly in water to obtain fluorescent LCM assemblies. (b) DLS data for fluorescent MCCT-POEGA-SCm assemblies
before (purple trace) and after (POEGA-SCm, blue trace) acidic treatment at pH 5.0. (c) Digital images of the MCCT-POEGA-SCm aqueous
solution (1 mg·mL−1) irradiated under visible and 365 nm UV light. (d) Fluorescence emission spectra of the THF solutions of MCCT-POEGA-
SCm, Cm-SH, and MCCT-POEGA-Br at 1 mg·mL−1.
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Similarly, acidic stimulation also allowed the sustained
release of encapsulated hydrophilic calcein in a similar rate
(Figure 4d). However, in this case, fluorescence measurements
revealed an expected increase of fluorescence intensity during
the experiment due to the displacement of the fluorescent
probe into the aqueous solution which causes disappearance of
self-quenching effect (Figure S11). These experimental results
clearly demonstrate that MCCT-POEGA-Br LCMs are
effective pH-responsive nanocarriers capable of loading and
releasing both hydrophilic and hydrophobic compounds under
mimicking biologically relevant acidic environments.
Finally, on account of high bromine chain-end functionality

of the synthesized MCCT-POEGA-Br telechelic homopol-
ymer, the preparation of dye-labeled pH-responsive vehicles
was also investigated (Figure 5a). First, a blue-fluorescent 7-
mercapto-4-methylcoumarin (Cm-SH) dye was anchored at α-
and ω-bromo chain ends of MCCT-POEGA-Br using
conventional thio-bromo “click” thioetherification reaction
conditions. 1H NMR analysis was used to demonstrate the
quantitative attachment of the fluorescent probe at both chain
ends of the telechelic polymer (Figure 2, upper spectrum). As
can be seen in Figure 5b, MCCT-POEGA-SCm also self-
assembles into nanoaggregates, with a mean diameter of about
100 nm via direct dissolution of the hydrophilic polymer in
water. Indeed, the size of the resulting assemblies dramatically
decreased when the pH was decreased from 7.4 to 5.0 due to
pH-responsive behavior. Digital images of the self-assembly
solution irradiated under visible and 365 nm UV light, together
with fluorescence spectroscopy and confocal laser scanning
microscopy measurements demonstrated the successful prep-
aration of blue-fluorescent pH-cleavable nanoobjects (Figure
5c,d and S12, respectively). This experiment showcases an
effective approach to expand the functional properties of this
and other nanoassemblies prepared from hydrophilic telechelic
polymers via anchoring or fluorescent tags, drug affinity labels
by thio-bromo “click” chemistry, or other efficient trans-
formations.59

In conclusion, the simple design strategy based on cleavable
difunctional initiators demonstrated here is expected to endow
a large diversity of new concepts in supramolecular nano-
assemblies with numerous potential technological applications
derived from conventional commercial monomers.
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